X-ray crystallography has been central to the development of many fields of science over the past century. It has now matured to a point that as long as good-quality crystals are available, their atomic structure can be routinely determined in three dimensions. However, many samples in physics, chemistry, materials science, nanoscience, geology, and biology are noncrystalline, and thus their three-dimensional structures are not accessible by traditional x-ray crystallography. Overcoming this hurdle has required the development of new coherent imaging methods to harness new coherent x-ray light sources. Here we review the revolutionary advances that are transforming x-ray sources and imaging in the 21st century.
T he x-ray science community has witnessed two revolutionary developments over the past two decades. First, large-and smallscale coherent x-ray sources, including advanced synchrotron sources, x-ray free electron lasers (XFELs), and high harmonic generation (HHG) sources, are under rapid development worldwide (1) (2) (3) . Compared with the previous generations of x-ray sources, the new light sources have remarkable properties. XFELs increase the coherent x-ray flux by nine orders of magnitude, while tabletop HHG sources generate a coherent x-ray supercontinuum that spans the entire electromagnetic spectrum from the ultraviolet (UV) to the kilo-electron volt (keV) region, covering 12 octaves of bandwidth. In addition, HHG and XFEL pulses are extremely short, ranging from tens of attoseconds to hundreds of femtoseconds. Second, a new approach to x-ray crystallography, known as coherent diffractive imaging (CDI), enables structure determination of noncrystalline specimens and nanocrystals with a resolution limited only by the spatial frequency of the diffracted waves (4) . Moreover, CDI enables simultaneous amplitude and phase contrast imaging. In recent years, the combination of powerful coherent x-ray light sources and CDI methods, coupled with advanced x-ray detectors and computational algorithms, has opened up new research frontiers in the physical and biological sciences that are simply not attainable with conventional x-ray crystallography (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) . Here, we review progress in CDI and the advanced x-ray light sources that are allowing this new imaging modality to blossom. We highlight the exciting scientific discoveries that were enabled by these new capabilities and look forward with great anticipation to the new frontiers in imaging that are emerging.
Coherent diffractive imaging methods
In a traditional microscope, a lens is used to collect the light scattered by a sample and thereby recover an image. However, in the x-ray region, the use of lenses introduces a severe limitation because diffractive x-ray optics must be used, and these are far from perfect. Although x-ray microscopes with~10-nm spatial resolution have been demonstrated,~25 nm is more typical-which is nowhere near the wavelength limit (20) . CDI avoids this limitation by illuminating an object with a coherent laser-like beam and collecting the scattered light on a detector (Fig. 1, A to E) . The image of the object can then be recovered with an advanced phase retrieval algorithm by taking advantage of the fact that the diffracted wave is proportional to the Fourier transform of the object (4). However, although the magnitude squared of the Fourier transform can be measured by a detector, the phase information is lost. This constitutes the well-known phase problem associated with recovering an image from a diffraction pattern. For a noncrystalline specimen, the diffraction pattern is continuous and can be sampled at a frequency finer than the Nyquist interval (the inverse of the specimen size). For a noise-free diffraction pattern, when the number of independently sampled intensity points is larger than (or equal to) the number of unknown variables associated with a specimen, the phase information is in principle encoded inside the diffraction intensity (21) and can usually be retrieved by iterative algorithms (22, 23) . Furthermore, because no optics is inserted between the specimen and detector, CDI represents the most photon-efficient x-ray imaging modality (24) .
By combining phase retrieval algorithms (Box 1) and coherent x-ray sources, several CDI methods have now been developed in both transmission and reflection modes, including plane-wave CDI (PCDI), Bragg CDI (BCDI), ptychographic CDI (ptychography), Fresnel CDI, reflection CDI, sparsity CDI, and others (5-18, 25, 26). sciencemag.org SCIENCE E, shows the schematic layout of the five major CDI methods to date. In the original PCDI, a plane wave illuminates an object in transmission, and the diffraction pattern is measured by an area detector (Fig. 1A) . To satisfy the oversampling criterion, either an isolated object or a finite illumination had to be implemented. To obtain 3D structural information, a tilt series of diffraction patterns is acquired over various sample orientations and then phased to obtain a 3D image (6, 11) . Because PCDI is insensitive to sample drift and vibration, it achieved the highest 2D and 3D spatial resolution (≈2 and 5.5 nm, respectively) of any x-ray imaging method (27, 28) . In BCDI, a coherent beam of x-rays illuminates a nanocrystal, and the diffraction pattern surrounding a Bragg peak is measured (Fig. 1B) (5, 8) . Inversion of the diffraction pattern yields a complex 3D image, whose phase is related to the displacement and strain field of the crystal lattice. Furthermore, BCDI is also useful for powder and polycrystalline samples, where many randomly oriented grains are in the beam at the same time. Because the Bragg peak of each grain will be in a different location in reciprocal space, individual grains can be isolated from their neighbors.
Ptychography brings powerful new imaging capabilities because it can image an extended sample in either reflection or transmission modes, with near-wavelength spatial resolution (≈1.3 l) horizontally and subnanometer (sub-nm) resolution vertically (18, 29) . In ptychography, the sample is scanned on a 2D grid to collect a series of diffraction patterns from partially overlapping regions (Fig. 1C) . This additional redundancy in the diffraction data enables robust image reconstruction with quantitative phase contrast (12) , while also extracting the complex x-ray illumination beam, correcting for errors in the scanning stages, and improving the convergence of the iterative phase retrieval process (13, 18) . In Fresnel CDI, a sample is illuminated by a curved wavefront through defocusing of an x-ray beam, and the resulting Fresnel diffraction pattern is measured by a detector (Fig. 1D) . If the incident beam is independently characterized and the geometrical dimensions of the experiment are accurately determined, the exit wave at the sample can be quantitatively reconstructed by using an iterative algorithm with fast convergence (10) .
CDI has also been successfully implemented in reflection mode, giving beautiful 3D height maps of a surface, with near-wavelength transverse resolution, sub-nm vertical resolution, and very high phase and amplitude contrast due to the short wavelength of the illumination light (18, 26, 30, 31) . Moreover, the geometry is very simple: A coherent x-ray beam illuminates a sample, and the diffracted light can then be collected with very high numerical aperture (Fig. 1E ). When combined with powerful ptychographic imaging, high-quality images of extended samples can be obtained (18) . Reflection CDI is complementary to other imaging modalities, such as scanning electron microscopy (SEM) and atomic force A coherent x-ray wave is specularly reflected off a sample on a substrate, and the diffraction intensity around the reflected beam is collected by a detector. (F) Phase retrieval algorithms iterate back and forth between real and reciprocal space. In each iteration, various constraints, including support, positivity (i.e., electron density cannot be negative), or partially overlapping regions, are enforced in real space, while the measured Fourier magnitude is updated in reciprocal space. Usually, after hundreds to thousands of iterations, the correct phase information can be recovered.
Box 1. Iterative phase retrieval algorithms.
A common feature of these algorithms requires iterating between real and reciprocal space (23), consisting of the following four steps in each iteration ( Fig. 1F ): (i) The algorithms usually start with a random phase set as the initial guess. By combining this random phase set with the measured Fourier magnitude and then applying an inverse fast Fourier transform (FFT), an initial image is computed; (ii) depending on oversampling of the diffraction intensity, a support (i.e., a boundary slightly larger than the sample envelope) can be estimated from the image. The electron density outside the support of the image is reduced, while the negative electron density inside the support is modified-for example, by setting to zero, depending on the algorithm; (iii) by applying a FFT to the updated image, a new Fourier transform is generated; and (iv) by replacing its magnitude with the measured data, a better estimate of the Fourier transform is obtained and used for the next iteration. This process is then repeated, and each iteration is characterized by an error metric, defined as the difference between the calculated and measured Fourier magnitudes. Usually, after hundreds to thousands of iterations, the correct phase set can be retrieved.
microcopy (AFM), allowing for long (>3 cm) working distances, less damage, and highercontrast imaging than other approaches.
A revolution in coherent x-ray light sources
In the past decade, there has also been a revolution in the development of both large-scale and tabletop coherent x-ray sources (Fig. 2) . Largescale x-ray sources are based on high-energy accelerators, which emit x-rays with varying degrees of coherence (23) . When the first so-called third-generation x-ray synchrotron facilities were designed, it was widely believed that undulators for hard x-rays would require high-energy electron beams. As a result, the first third-generation facilities used electron storage rings with energies of 6 to 8 GeV and low-emittance electron beams to enhance the brightness of the undulator radiation (23) . However, despite their small source size and long source-sample distance, these thirdgeneration facilities radiated only a small amount of spatially coherent light (≈0.1% of total). Nevertheless, by using a small aperture, this small fraction of spatially coherent light could be extracted and used to perform the first CDI experiment at the National Synchrotron Light Source (4). A maturation of undulator technology enabled the development of higher harmonics and shorter-period undulators, which can produce hard x-rays without requiring high-energy storage rings. Thus, lower energy (~3 GeV), medium-sized storage rings are now used for hard x-ray sources where a wide variety of CDI activities are now in progress. Another new and important trend of accelerator-based advanced x-ray sources is the use of a new magnetic lattice, known as a multibend-achromat, to more tightly focus the electron beam, further reduce its emittance, and increase the x-ray brilliance (23) . At the turn of the 21st century, brighter XFEL sources were developed (23) based on self-amplified spontaneous emission (SASE) (Fig. 2A, inset) (1, 2). When a low-emittance, high-density, and high-energy electron bunch is injected into a long undulator (~100 m), it initially emits synchrotron radiation. The emitted photons travel at the speed of the light inside the undulator, which is only slightly faster than the velocity of the high-energy electron bunch. As a result, the radiation interacts back with the electron bunch. If the undulator is designed such that the interaction makes the faster electrons slower and slower electrons faster, the electron bunch density is periodically modulated by the radiation, a process called microbunching. The process exponentially increases the intensity of the emitted radiation, as well as the interaction between the radiation and the electron bunch, introducing "gain" in a manner similar to that of a conventional laser. At the end of the long undulator, the gain is saturated and an extremely intense XFEL pulse is produced. The peak brightness of the XFEL pulse is 10 9 times higher than that of the most powerful thirdgeneration source ( Fig. 2A) , while their pulse duration ranges from tens to hundreds of femtoseconds, although with lower repetition rate and some timing jitter.
In parallel with advances in large-scale coherent x-ray facilities, the same revolution that visible lasers underwent in the 1960s is now happening for tabletop coherent x-ray sources. Interestingly, the first tabletop-scale coherent soft x-ray source was not based on creating a population inversion to support laser action, but was rather based on nonlinear optics. In nonlinear optics, the high electric fields that are present in a focused laser beam can drive electrons in a highly irregular (anharmonic) motion that reradiates harmonics of the driving laser light at much shorter wavelengths. In HHG, the laser field intensity must be sufficient to tunnel ionize the atoms used as the nonlinear medium, by suppressing the Coulomb field that normally binds the electron to the ion. For the few-femtosecond time interval during which this is happening, the laser-driven quantum wave function of the electron can radiate coherent highharmonic x-rays. If x-rays from a macroscopic number of atoms interfere constructively to generate a laser-like beam, in a process called phase matching, HHG can have spectacular temporal and spatial coherence. This is because of the ultraprecise timing relationship between the laser and x-ray fields that are synchronized to less than 1 attosecond.
Although its physical manifestation is very different, HHG can also be thought of as a coherent laser-driven version of the Röntgen x-ray tube. However, the full power of femtosecond lasers for manipulating the quantum wave function of an electron is now being realized. By changing the color and polarization of the driving laser, the HHG spectrum, pulse duration, and polarization can be controlled (3, 32, 33) , thus making it possible to generate x-ray bursts with durations from tens of attoseconds to tens of femtoseconds, with a coherent bandwidth spanning 12 octaves, from <100 meV to ≈1 keV. One recent surprising finding is that longer-wavelength mid-infrared lasers can generate shorter-wavelength bright x-ray beams. Using 4-mm driving lasers, for example, HHG emerges as a broad coherent supercontinuum, spanning the entire electromagnetic spectrum from the ultraviolet to the soft x-ray keV region of the spectrum to wavelengths <8 Å. Moreover, these x-rays emerge as isolated attosecond bursts, which are predicted to scale to the subattosecond (i.e., zeptosecond) regime with longer-wavelength lasers (33) . In contrast, using intense UV driving lasers, HHG emerges as a series of bright narrowband peaks, with ≈10-fs pulse duration. Finally, by manipulating the electron wave function with bichromatic (two-color) circularly polarized counterrotating laser beams, it is now possible to produce bright circularly polarized harmonics that complement the bright linearly polarized HHG beams that have been available for 20 years (32). The powerful quantum coherence of HHG makes it ideal for imaging the fastest dynamics relevant to function in atoms, molecules, nanosystems, and materials, at multiple atomic sites simultaneously. HHG is complementary to the powerful XFEL machines, because it can be driven by a small-scale (≈mJ energy) laser at very high repetition rates (1 to 100 kHz). Although the pulse energies are lower than those available at XFELs (nJ versus mJ), the repetition rates are higher and are ideal for several exciting applications discussed below (3, (32) (33) (34) (35) (36) .
Multidisciplinary science enabled by coherent x-ray light sources and diffractive imaging CDI is ideally suited for quantitative 3D characterization of materials at the nanoscale: X-rays have a larger penetration depth than electrons, so that destructive sample preparation can often be avoided. Moreover, by quantifying the incident and diffracted x-ray flux, CDI can extract the mass density and thus distinguish different phases in materials in three dimensions (37) . Furthermore, the presence of core shell x-ray absorption provides chemical contrast, while their polarization can be exploited to provide magnetic contrast and molecular orientation. Thus, CDI enables nanoscale chemical, elemental, and magnetic mapping of complex matter (38) (39) (40) . Finally, the high temporal resolution of the new coherent x-ray sources such as HHG and XFELs already make it possible to capture the fastest charge, spin, and lattice motions in matter, on multiple length and time scales.
In recent work, PCDI was used to quantitatively image a molten Fe-rich alloy and crystalline olivine sample, which was synthesized at 6 GPa and 1800°C to mimic the conditions of Earth's upper mantle (37) . Figure 3A shows the 3D morphology of the Fe-rich and Fe-S phases in an olivine matrix in which the molten Fe exhibits varied shapes and sizes. A histogram of the 3D mass density distribution of the sample indicates that the Fe-rich and Fe-S phases change continuously instead of abruptly (Fig. 3B )-owing to local temperature, pressure, geometry, and microscopic percolation mechanisms, which are difficult to probe with other imaging techniques.
In other exciting developments, Fig. 3C shows a ptychographic image of a partially delithiated nanoplate of LiFePO 4 , a material with broad potential application in electrochemical energy storage (40) . By acquiring multiple images across the Fe L-shell x-ray absorption edge and using them as input to principal-component and singular-value decomposition analysis, a chemical composition image of the partially delithiated nanoplate is obtained, showing the distribution of two chemical species: LiFePO 4 and FePO 4 (Fig. 3D) . The resolution of this chemical image (~18 nm) is nearly an order of magnitude higher than the probe size (150 nm) and more than three times better than that of state-of-the-art scanning transmission x-ray microscopy (20) . These results suggest that the (de)lithiation reaction of LiFePO 4 is two-phase, where both phases coexist in these submicrometer nanoplates.
BCDI's unique ability to image displacement (strain) fields in 3D also has widespread applications in materials science and nanoscience. For example, it was used to understand the structural principles of metal nanoparticles (5, 8) and to obtain quantitative 3D images of the full strain tensor when the projections from three or more noncoplanar Bragg peaks are combined to yield the full vectorial displacement field (41) . XFELs also provide sufficient coherent x-ray flux in a single monochromatic femtosecond pulse to record a slice through the BCDI diffraction pattern of a nanocrystal. A pump-probe BCDI experiment was carried out on 300-nm-diameter Au nanocrystals (17) . The nanocrystals were first excited by an 800-nm Ti-sapphire infrared laser pulse and then followed by snapshot imaging of the excited state with XFEL BCDI. Provided that both laser and x-ray pulses were kept below their damage thresholds, full 3D diffraction patterns could be built up as a function of delay time from the same nanocrystal. In this way, movies were captured of the strain associated with whole-crystal vibrations, with a 200-ps period (Fig. 3E) . Two simple dilation breathing modes and a previously unknown shear mode were identified (17) .
Using tabletop HHG, full-field coherent imaging in both reflection and transmission geometries has been demonstrated, with record spatial resolution of 22 nm (transverse) and 6 Å (axial) (18, 42) . Figure 3F shows a ptychographic image of a surface, with spatial resolution <1.3 l or 40 nm horizontally, 6 Å vertically, and acquired with <1 min of x-ray exposure time (18) . Moreover, the phase contrast in CDI is enhanced owing to the use of extreme ultraviolet (l = 30 nm) illumination. Compared with SEM or AFM, HHG-based CDI enables higher-contrast full-field imaging with less sample damage, with long working distances (≈3 to 10 cm), automatic correction for imperfect scanning stages, and femtosecond time resolution (≈10 fs).
Several discoveries have been made recently simply by monitoring the time-dependent HHG diffraction from a material after excitation by a laser pulse, to uncover which mechanisms are responsible for nanoscale energy, charge, and spin transport (19, 35) . One remarkable demonstration of this capability showed that the cooling rate for a nanometer-size heat source depends on its proximity to other sources, cooling more rapidly when spaced close together than when isolated. This finding represents fundamentally new materials science directly relevant to the design of future energy-efficient nanosystems (19, 36) . Real-time imaging in 3D through opaque materials will represent a powerful capability for understanding functional nanosystems.
For biological applications, CDI is complementary to optical and electron microscopies in terms of spatial resolution, sample thickness, contrast mechanism, and quantitative capability. By using novel imaging technologies and labeling techniques, superresolution fluorescence microscopy can study dynamic processes in living cells at the tens-ofnanometers level, but it requires labeling of specific molecules and can accommodate limited sample thickness. To achieve considerably higher resolution, electron microscopy is the method of choice, but it is limited to imaging thinner samples, owing to the short penetration depth of electrons. Compared with superresolution and electron microscopy, CDI has three distinctive features. First, because of the large penetration depth of x-rays, CDI can image whole biological cells without the need of sectioning. Second, CDI takes advantage of the phase shift (contrast) of the intrinsic density in biological specimens that enables quantitative 3D imaging of the entire contents of cells and cellular organelles by using their natural contrast. Finally, by avoiding the use of lenses, the resolution of CDI is limited only by the spatial frequency of the diffracted waves from the sample.
Using third-generation synchrotrons, CDI has been used to image whole cells, cellular organelles, viruses, and biological materials, with spatial resolution down to~11 nm (7, (43) (44) (45) (46) (47) (48) . As an example, Fig. 4A shows the 3D mass density distribution of a whole, unstained yeast spore cell in which the 3D structure of intercellular organelles is quantitatively identified (44) . Figure 4 , B and C, shows the 3D image of an unstained human chromosome, as well as the first coherent diffraction pattern ever measured from a single, unstained (44) . (B) 3D image of an unstained human chromosome where the highest electron density is around the centromere (in red) (46) . (C) First coherent x-ray diffraction pattern measured from a single, unstained herpesvirus virion and its reconstructed structure (inset), where the capsid is in yellow (47) . (D) Quantitative 3D measurements of the osteocyte lacunae (L) and the connecting canaliculi (C) in a bone matrix (15) . (E) A representative diffraction pattern of a giant mimivirus particle collected with a single LCLS pulse, where the symmetry of the diffraction pattern is clearly visible (16) . (F) 3D structure of the mimivirus reconstructed from 198 diffraction patterns with higher density in blue and lower density in white (50) . The vertical line represents the pseudo-fivefold axis. (G) Coherent x-ray diffraction pattern collected from a photosystem I nanocrystal using the LCLS, where the interference pattern between the Bragg peaks is visible owing to the finite size of the nanocrystal (54) . (Inset) Real-space image of the nanocrystal reconstructed from the circled Bragg shape transform. (H) 2mF o -DF c electron density map at 1.0s (purple mesh), obtained from diffraction intensities with more than 15,000 photosystem I nanocrystals (the refined model shown in yellow).
virus particle and its reconstructed structure (46, 47) . CDI has also been applied to study biological composite materials, including nanoscale imaging of mineral crystals in bone at different stages of mineralization (48) and quantitative 3D measurements of the osteocyte lacunae and the connecting canaliculi in a bone matrix (Fig. 4D) (15) .
Using XFELs, CDI has been applied to measure the diffraction patterns of biological samples with single extremely intense and short x-ray pulses before the onset of radiation damage (diffraction-before-destruction) (9, 49) . Two important directions have been pursued. One is to perform diffractive imaging of live cells, cellular organelles, and virus particles with a resolution down to~18 nm (16, (50) (51) (52) (53) , which is presently limited by the x-ray flux density on the sample. Figure 4E shows a representative diffraction pattern of a giant mimivirus particle measured with a single Linac Coherent Light Source (LCLS) pulse (16) . Using 198 diffraction patterns, the 3D structure of the mimivirus was reconstructed, revealing a nonuniform internal structure (Fig. 4F) (50) . The other uses nanometer-to micrometer-sized protein crystals to substantially increase the resolution of diffraction patterns from single XFEL pulses (Fig. 4 , G and H) (54) . This method, known as serial femtosecond crystallography, has achieved a highest resolution of 1.6 Å (55) and also been applied to the structure determination of proteins that are difficult to grow as large crystals, such as membrane proteins (56, 57) .
Looking forward
Looking into the future for this 2015 Year of Light, we can already identify three research frontiers in imaging science and applications using small and large-scale coherent x-ray light sources. First, by taking advantage of the extremely short XFEL and HHG pulses, CDI is ideally suited to probe functioning systems at the nanoscale-at multiple sites simultaneously. A new form of CDIhyperspectral imaging based on ptychography (12)-makes it possible to retrieve an image at several different x-ray wavelengths simultaneously, encoding instantaneous charge and spin information. Recently, dynamic CDI has been applied to image coherent acoustic phonons in nanocrystals, nanofabricated structures undergoing laser ablation, and standing surface acoustic waves in a piezoelectric substrate with spatial resolutions of tens of nanometers and temporal resolutions of picoseconds to <10 fs (17, 34, 35, 58, 59) . With further improvement in experimental design, dynamic CDI should be able to achieve spatial resolutions <10 nm and temporal resolutions of 10 fs. Such a powerful imaging technique with high spatial-temporal resolutions is expected to profoundly expand our understanding of a wide range of dynamic phenomena, ranging from phase transitions, charge transfer, transport, nucleation, melting, superheating, crack and shock formation to lattice and grain boundary dynamics, as well as materials discovery of transient "hidden" phases of matter.
Second, as the wavelength of x-rays is on the order of the size of an atom, scientists have long dreamed of the development of atomic-resolution x-ray microscopy. However, the highest resolution presently attainable by any x-ray imaging method is~2 nm in 2D and~5.5 nm in 3D (27, 28) . With the rapid development of coherent light sources that promise to increase the x-ray brilliance by several orders of magnitude ( Fig. 2A) , CDI may achieve atomic resolution for radiation hard samples. Although electron microscopy can routinely image crystalline materials at atomic resolution, x-rays have several distinctive properties compared to electrons: (i) X-rays interact with the electron density rather than the Coulomb potential of an atom; (ii) dynamical scattering is usually negligible, allowing study of thick specimens; and (iii) the sample can be placed in an ambient environment. Thus, the potential ability to achieve atomicresolution CDI, coupled with elemental, chemical, and magnetic specificity, would find broad applications in both fundamental and applied science.
Finally, one of the ultimate goals of CDI is to achieve high-resolution single-particle imaging (SPI)-for example, of protein complexes-without the need of crystallization. Using extremely intense and ultrashort XFEL pulses, coherent x-ray diffraction patterns can be collected from single protein complexes based on the diffraction-beforedestruction scheme (49) . These diffraction patterns can then be assembled into 3D patterns from which a 3D image follows after inversion (60) (61) (62) . Numerical simulations show that with 10 5 to 10 6 identical copies of large protein molecules, the 3D structure of the molecules can be determined at near-atomic resolution (60) . Recent XFEL experiments have demonstrated the feasibility of the SPI method but at much lower resolution (16, (50) (51) (52) (53) . To improve the spatial resolution, the XFEL pulse intensity has to be increased by two to three orders of magnitude. Recent work has suggested that the combination of self-seeding (using x-rays from the first half of the undulator to seed the second half via a monochromator) and undulator tapering (a gradual reduction in the field strength of an undulator to preserve the resonance wavelength) can achieve a 100-fold increase of the XFEL peak power (23) . The increase in the XFEL pulse flux, coupled with large dynamic-range detectors, could realize the potential of SPI at higher resolution.
